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True, or Not True
Past Performance is no Guarantee of Future Results*

01 March 2018   |   3Los Alamos National Laboratory

• The central question we have asked through the ages is essentially, 
“will it work?” Will this process produce the result I want?
– This question is very limited in scope, with results that can be checked by executing 

the process; more so, results that are ‘good enough’ are often acceptable

– We are very good at predicting the likely future. Our daily life proves this so.

– So why do we fail so often to predict a surprise…

• Little attention is paid to the follow on question, “how certain are you it 
will work?” Will this process fail to produce the necessary result?
– This question lays bare the world…

– One needs a healthy dose of reality to ensure that the answer, ‘well, the meteorite is 

going to hit and nothing is going to work anyway’ doesn’t rule the day

– But we typically don’t care about the average good enough answer, we are worried 

about the corner cases where an unlikely, but possible, set of circumstances bring 

about an unexpected failure

* Consumer warning required in investment advertising per SEC Rule 156
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– We are very good at predicting the likely future. Our daily life proves this so.
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will work?” Will this process fail to produce the necessary result?
– This question lays bare the world…

– One needs a healthy dose of reality to ensure that the answer, ‘well, the meteorite is 
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– But we typically don’t care about the average good enough answer, we are worried 

about the corner cases where an unlikely, but possible, set of circumstances bring 

about an unexpected failure

A strong science program is our only mitigation against surprise.



Conservative versus Realistic versus I don’t know
Differences in Philosophy Matter
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• Many groups want systematic error estimates to be conservative
– By this, they generally mean they really want a bound on what might happen

• Might this configuration go critical, or fail to go critical
• Could this transient cause enough heating/dose to melt/damage these parts

– These are examples of what I call corner cases
– To provide such estimates, one must address unknown unknowns

• Those who want “realistic” errors often look at how well we are able to 
“predict” their systems and demand we reduce our error estimates
– There is a general misunderstanding that our process to calibrate our mean 

values somehow reduces the uncertainties on underlying data
– Error quantification is a multi-level process where having a benchmark that 

resembles the system of interest can help constrain near neighbor predictions
• If we already know the answer, we often confuse calibrations with predictions

• And then there is the moral and ethical quandary of trying to quantify 
what we do not know
– How does one put a number on an unknown unknown
– But computers do what you tell them and I don’t know == 0
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Known knowns
– mathematically rigorous definitions

Known unknowns
– scientifically measurable perception of reality

Unknown unknowns
– nature intruding on good ideas

Unknown knowns
– scientific, or not, wonderfully astute guess sWAGs



Uncertainties in our fundamental data would have even 
larger impact without integral constraints.
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• Overall nuclear reactivity is constrained by 

exceptionally precise criticality experiments –

especially Jezebel (bare Pu), Godiva (bare 

HEU), and SNM + reflectors (e.g. U, Be, Fe, 

Poly, …)

• But there are compensating errors in the XS 

components that drive reactivity that are much 

larger than this constraint.

• One can get criticality right for the wrong 
reasons, and then get other things wrong, 
e.g. diagnostics, outputs and performance!

• -> example: a recent trial (softer) prompt fission 
neutron spectrum (PFNS) for Pu239 reduced 
the (n,2n) reaction rate in Jezebel by ~10%   
[Kahler LA-UR-14-28703] with implications on 
metrics like deltaP

Fundamental data uncertainties

Goal: reduce these

Jezebel
AppsUncertainty

In reactivity

PFNS
Fiss XS

Capture XS

Integral exp. gates 

constrain overall 

uncertainties

We rarely understand the 
impact of errors in isolation.

They interact, often in 
unexpected ways.



Calibration is the art of selecting compensating errors 
that match our ‘gates’ better than deserved…
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M. Williams, B.J. Marshall, CSEWG 2017.

NDS 148 189 (2018)

Left ‘unknobbed’ our data would have a spread of C/E values surrounding the bands.
ND ‘evaluations’ recognize the importance of these means and selectively tunes 
suites of data to meet a level of performance for applications.

Raw nuclear data uncertainty band



The 2018 International Standards and ENDF/B-VIII.0
Have Dramatically Increased (often 2x) Many Variances
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• Our community and our users should question this assertion
– On what basis where the old errors given?
– What were we missing that we understated the issues within these data?
– What new, or newly understood, information forms the basis for the current estimate?
– …

• The remainder of this talk provides an overview of
– many of the issues we have seen,
– what we have learned,
– and how we are trying to use this information to update our error quantifications.
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One dollar ($) is the difference between
steady state and a bad day.

Runaway energy 
production above 

prompt critical

Steady energy 
production at 

delayed critical

“Lady Godiva” before and after 
prompt excursion of ~10 cents

Prompt critical is 
steady state neutron 
production without 
delayed neutrons

Boltzmann equation

The neutron 
reactivity scale



The Data Dilemma
Beware of Atoms, They Make Up Everything
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• If you have no data, you get to make it up
• If you have one data set, it must be correct
• If you have two data sets, they are both wrong

–And everyone is just going to pick their favorite
–Or worse, take the average of the two

• When you have many data sets, you get to make it up again

It is not enough to make the most accurate measurement.
It will always be viewed within its historic context and we must understand 
the previous systematic errors.



Pu239(n,2n)Pu238
Small, < 20 cents compared to $$, impact on reactivity

Impacts D Plutonium Radiochemistry
But a great example of the data dilemma…

Los Alamos National Laboratory 01 March 2018   |   12



If you have one data set, it must be correct.
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If you have two data sets, they are both wrong.
And everyone is just going to pick their favorite.
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(And everyone is just going to pick their favorite.)
Latest and greatest! It must be better.
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If you have no data, you get to make it up.
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If you have one data set, it must be correct.
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If you have two data sets, they are both wrong.
And everyone is just going to pick their favorite.
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And some days you just have to wonder…
(The evaluation at 14 MeV moves 15% away from the data.)
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Maybe you should just ignore the data.
They are obviously wrong, right?
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Or is it better to split the difference.
And declare the error to be smaller than either!
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The ENDF/B-VIII.0 Pu239(n,2n)Pu238 Cross Section
Eliminates an Unphysical Inflection Near Threshold
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History of the Pu239(n,2n)Pu238 Cross Section at 
LANL, LLNL and AWE
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Pu239 Prompt Fission Neutron Spectra (PFNS)
The fission source term: Y n s c

Los Alamos National Laboratory

Chi
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• Measure incident and emission 
energies through a double-
time-of-flight detector

• Need fast timing signals for the 
neutron production, fission, 
and emission neutron times 
measured over well-known 
path lengths

The challenges are in:
• neutron scattering

- fouls up path length
- neutrons scatter to lower energy 

changing there detection efficiency
• backgrounds
• good timing (ns)
• detector response
• neutron-gamma separation
• few neutrons at high energies
• fission fragment anisotropic emission

Pulsed 
neutron 
source

Fission

Detector

Measuring the prompt fission neutron spectra (PFNS) is 
straightforward in principle, but there are challenges…

Facilities:
LANSCE,
TUNL, RPI
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Two key advances enabled new error estimates for PFNS
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• The Chi-Nu team, which includes the nuclear data evaluator, used the 
information gleaned from their experiments and additional MCNP analysis to 
assign new systematic errors to the historical data set
– In particular, few measurements fully accounted for neutron scattering

– Other issues were found in background assessments, detector efficiency and resolution

– Corrections might have been possible if enough documentation had been provided

– Postulated corrections would, mostly, move data towards more consistency

• The ASC nuclear physics project has put considerable effort into 
improvements to the nuclear theory tools used for these evaluations
– The evaluation tools now include multi-chance fission; i.e. neutron emission before fission

– (n,Xn’f) neutrons from high incident energy neutrons include pre-equilibrium

– These have significant influence on the mean energy above second chance fission

– Finally, the evaluation tools now include individual components of the systematic error 

allowing for cross correlations between experiments to be handled more correctly



The spread of evaluated mean energies ranges between 50 
and 200 keV with even larger discrepancies (10-100x) in the 
tails that drive radiochemistry reactions.

State of PFNS data
Circa 2006-2011
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Staples, on which 
ENDF/B-VI and -VII 
are based, quoted 
scattering issues as 
“negligible” when in 
fact they are the 
dominant source of 
systematic bias.

LLNL PPAC 
target was 
redesigned 
based on 
improved 
knowledge 
of scattering 
issues.

Modern DAQ systems can 
record (almost) the entire 
data stream and allow us to 
replay it afterwards. This 
allows for data analysis to 
be optimized after-the-fact, 
including accidental 
coincidence backgrounds.

See also NDS 123 146 (2015)

NDS 123
135 (2015)

NIM A805 87 (2016)
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MCNP analysis using HPC class resources has been 
essential for untangling multiple scattering…

• Historical analysis uses the “known” flight 
path length and the measured delta-Time 
to directly infer the neutron energy

• This is wrong – the analysis must 
account for scattering that changes the 
actual flight path length

Aluminum
resonances

Oxygen
resonances

Detector counts 
are a convolution 
of PFNS spectra 
with the Li6(n,t) 
cross section

NIM A866 182 (2017)
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Int. Standards
NDS 148 142 (2018)

Evaluation NDS 148 293 (2018)

Chi-Nu data in black (LE) and red (HE)  NDS 148 322 (2018)

Note tail
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Figures from NDS 148 293 (2018)

Much of this work under IAEA CRP (https://www-nds.iaea.org/pfns/)
ENDF/B-VIII.0 Uranium-235 PFNS Evaluation

https://www-nds.iaea.org/pfns/


ENDF/B-VIII Uranium-235 average emission energy has
been greatly reduced and <E> shape captured
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Please note, the following Chi-Nu Pu239 PFNS data are preliminary.
Refinements in the mean values and uncertainties will change the final values.



ENDF/B-VIII adopted ENDF/B-VII PFNS up to 5 MeV
Preliminary Chi-Nu data indicate a slightly softer spectra
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ENDF/B-VIII adopted ENDF/B-VII PFNS up to 5 MeV
Preliminary Chi-Nu data indicate a slightly softer spectra
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Plutonium-239 PFNS does not seem to soften as much as uranium-235

Supports reluctance to adopt large <E> drop before we had these data.



ENDF/B-VIII Plutonium-239 PFNS now includes better 
multi-chance fission physics that Chi-Nu confirms
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And new Pu239 data show onset of 2nd chance occurs at higher energy.



ENDF/B-VIII Plutonium-239 PFNS now includes better 
multi-chance fission physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
multi-chance fission physics that Chi-Nu confirms

01 March 2018   |   37Los Alamos National Laboratory

 (MeV)EInitial Outgoing Neutron Energy, 
2−10 1−10 1 10

PF
NS

 R
at

io
 to

 1
.4

24
 M

eV
 M

ax
we

llia
n

1

Li-glass PFNS6

Liquid Scint. PFNS
Chatillon*: 6.0-7.0 MeV
ENDF/B-VII.1: 6.0 MeV
ENDF/B-VII.1: 7.0 MeV
ENDF/B-VIII.0: 6.0 MeV
ENDF/B-VIII.0: 7.0 MeV

)f,nPu(239

 = 6.0-7.0 MeVinc
nE



ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 PFNS now includes better 
and pre-equilibrium physics that Chi-Nu confirms
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ENDF/B-VIII Plutonium-239 mean emission energies are 
still a bit high but accounted for in uncertainties
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Pu239 Prompt Nubar (average # neutrons emitted)
The fission source term: Y n s c

Los Alamos National Laboratory

nubar
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There are two nubar measurement techniques
And they disagree by more than their stated error
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Page 7 of the International Nuclear Data Committee document INDC(NDS)-34/G, 
Status of the Energy Dependent nubar Values for the Heavy Isotopes (Z greater 
than or equal 90) from Thermal to 15 MeV, and of nubar Values for Spontaneous 
Fission. F. Manero, V.A. Konshin. Vienna, July, 1972.



And yet the standards of the time adopted the mid-
point and gave it an unreasonably small uncertainty
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Page 10 of the International Nuclear Data Committee document INDC(NDS)-34/G, 
Status of the Energy Dependent nubar Values for the Heavy Isotopes (Z greater 
than or equal 90) from Thermal to 15 MeV, and of nubar Values for Spontaneous 
Fission. F. Manero, V.A. Konshin. Vienna, July, 1972.

1969 ‘standard’ Californium-252 nubar 3.743 +/- 0.016 (0.4%)
Hanna et al., Atomic Energy Review, Volume VII, No. 4, 3 (1969)

In the early 1970s, they were trying to justify 0.4% instead of 1.2%.
How did we get to a belief that 0.13% was rational?



A comprehensive reanalysis of every measurement was done multiple 
times, often by the experimentalist but with direct peer review …
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Given some uncertainty on californium nubar, it must then be realized 
that all other nubar measurements are relative to this standard and 
must have larger uncertainties.



The spread in the data for plutonium-239 prompt nubar
indicate approximately 1% uncertainty, at best…
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ENDF/B-VIII.0
NDS 148 1 (2018)



Pu239 Fission Cross Section
The fission source term: Y n s c

Los Alamos National Laboratory

Fission xs
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With similar justification to nubar, the fission cross 
section ruler was determined to have a 1.2% lower bound
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Similar to nubar reviews, LANL (D. Neudecker) has 
undertaken a comprehensive review of fission XS
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A ‘template’ of expected uncertainty sources has been developed (LA-UR-17-29963) 
and a review of the experimental data base has begun.



Checking the database, it is clear many errors were not 
appropriately documented
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• The 1970s were a heyday of high-
precision experimental efforts

• Target fabrication and characterization 
capabilities were at their best ever

– However, even then there are not enough 
samples to constitute a statistical sampling

• So how do we handle lab-to-lab 
systematic errors in mass?

Target Mass
Intercomparison

0.5% bias typical
w/ 2% outliers >>
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Back to gates
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Uncertainties in our fundamental data would have even 
larger impact without integral constraints.
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• Overall nuclear reactivity is constrained by 
exceptionally precise criticality experiments –
especially Jezebel (bare Pu), Godiva (bare 

HEU), and SNM + reflectors (e.g. U, Be, Fe, 
Poly, …)

• But there are compensating errors in the XS 
components that drive reactivity that are much 
larger than this constraint.

• One can get criticality right for the wrong 
reasons, and then get other things wrong, 
e.g. diagnostics, outputs and performance!

• -> example: a recent trial (softer) prompt fission 
neutron spectrum (PFNS) for Pu239 reduced 
the (n,2n) reaction rate in Jezebel by ~10%   
[Kahler LA-UR-14-28703] with implications on 
metrics like deltaP

Fundamental data uncertainties
Goal: reduce these

Jezebel
AppsUncertainty

In reactivity

PFNS
Fiss XS

Capture XS

Integral exp. gates 
constrain overall 

uncertainties

We rarely understand the 
impact of errors in isolation.

They interact, often in 
unexpected ways.



A high-quality bare plutonium critical assembly is 
essential first gate for plutonium-239 neutron reactivity.
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Jeff Favorite at Los Alamos spent ~4 
years digging through the archives in 
order to provide a complete re-
assessment of the Jezebel critical 
assembly. This resulted in an updated 
specification PU-MET-FAST-001 rev. 4 
published September 30, 2016.

Unfortunately, the final specification 
miss-reported the total error. The 
density uncertainty dominates the total 
error budget. There are four 4 kg parts
whose density uncertainty is fully 
correlated; when accounting for this the 
quoted uncertainty should be 0.00234 
instead of the 0.00110 value quoted in 
the specification. [ref XCP-3:16–038(U)]

Despite his heroic efforts, the final mean value rests on a pencil 
notation of the density from notes on the wrong drawing.



The use of gates to tune compensating errors has 
broader implications…
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• Overall the yield of an implosion system is 
constrained by our nuclear test history.

• But there are compensating errors in the physics 
that govern our predictive capability that are much 
larger than these constraints.

• One can get yield right for the wrong reasons, 
and then get other things wrong, e.g. 
diagnostics, outputs and performance!

• Are there cliffs hidden in other solutions?

• How can we inform the physics using the integral 
constraints? How do we do this fairly?

There is nothing new about 
adjusting fundamental data 
to get a ‘known’ answer. We 

have been doing this forever.

Fundamental data uncertainties
Goal: reduce these

NTS
NTFUncertainty

In yield

HE Energy
Neutron Reactivity

Compressibility

Integral exp. gate 
constrains overall 

uncertainties



Some last thoughts
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Summary
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• We have systematically underestimated the true uncertainty in our data
– Often this has been through the failure to provide complete documentation, or the failure or 

inability to fully characterize important sources of uncertainty
– We have begun comprehensive efforts to identify these issues and tackled many of the 

most important, but there is considerable work still to be done (e.g. elastic/inelastic)
– The ‘covariance’ data, uncertainty estimates, associated with the ENDF/B-VIII.0 plutonium-

239 evaluation have begun to incorporate many of these new assessments

• This work highlights the issue of compensating errors
– We have lots of ways to get the right answer, so long as we know what it is

• Given the importance of a bare critical assembly as the first gate for neutron
reactivity, the open questions regarding Jezebel must be resolved
– This likely means cutting new metal and producing a high-quality new measurement


